Laboratory microcosms containing subsamples of a complex environmental sediment were used to evaluate the addition of oxidized manganese as the primary electron acceptor in the presence of pentachlorophenol (PCP) as the primary electron donor.
INTRODUCTION
Pentachlorophenol (PCP) is a hazardous constituent present in wood-preserving wastes and is present in contaminated soils and aquifers in the Intermountain West. The U.S. Environmental Protection Agency (US EPA) promulgated a new standard, in 1993, that lowered the drinking water Maximum Contaminant Level (MCL) from 1 mg/L to 1 ug/L PCP due to concerns about the impact on human health. This action may remove potential drinking water sources from development and will require intensive characterization of contaminated sites for evaluating potential leaching of PCP present at low levels in the subsurface.
The reactions of chlorinated phenols, including PCP at the surfaces of manganese oxide particles in aqueous suspensions have been shown to involve electron transfer from phenol to Mn (III/IV), resulting in manganese oxide reduction and dissolution [1] [2] [3] [4] [5] . Manganese oxides are one of a group of transition metals that have been shown to oxidize both natural and xenobiotic compounds [2, [6] [7] [8] [9] . When metal oxides are present, potential pathways are provided for the microbially mediated transport of electrons that is necessary for microbial metabolism. Furthermore metal oxides provide highly reactive surfaces for abiotic catalysis. Manganese oxides are found in many soils and aquifers as layer and tunnel structures [10] , and while shown to be reactive with PCP, are not the only sinks for electrons in the subsurface. Oxygen, nitrate, sulfate, iron, and carbon dioxide are additional primary electron acceptors commonly found in subsurface sediments.
A thermodynamic approach to understanding the geochemical (abiotic) alteration of PCP by naturally occurring electron acceptors common to many aquifers may provide a basis for managing geochemical reactions and accomplishing detoxification of PCP to protect groundwater supplies of potable waters [11] . An empirical equation was developed by the authors (unpublished) using recently published Gibbs free energy of formation data [12] , to describe stoichiometric reactions of chlorophenols. These [21] , was used to remove both reduced and oxidized manganese and iron from the sediments (All inorganic extractions were carried out under anaerobic conditions). It should be noted that the oxidation states of manganese and iron were not determined, the procedures of Lovely and Phillips [15] and Chao [21] are operational definitions of oxidation state based on proven experimental extraction procedures. A 0.5 g subsample was removed from the microcosm and placed in an acid washed plastic bottle containing 20 The dissolution of manganese and iron oxides in the experiment described are represented in Figure 3 and Figure 4 , respectively. From Figure 3 [23] and to be as high as +770 mV in pure solution [24] , At redox potentials below -100 mV, it is unlikely that iron would be oxidized and precipitate out into a less soluble crystalline form during the time of the study. The abiotic control treatment showed the highest levels of MnO, dissolution (Figure 3) , where aqueous manganese concentrations increased from 0.41 ±0.13 mg/L to 1.15 ± 0.14 mg/L during the 3 week study. However, there is some disparity between the concentration of manganese released into solution and the amount of PCP degraded in the abiotic controls (>30%) (Figure 3 degraded while iron accounts for 14%. The majority of iron present in this sediment is likely part of a mineral consortia, that is the amount of iron surface area available is a function of the crystallinity and grain size of the parent material [25] . If only a small percentage of the crystalline iron surface area is in direct contact with the solution, this might explain why the dissolution effect in the abiotic controls which was observed for manganese, did not solubilize more iron.
Based on the physico-chemical characteristics ofthe sediment, the amended manganese oxide and native iron were the major terminal electron acceptors. The redox potential of a disequilibrium system is a function ofthe poise ofthat system and the metabolism of microorganisms that induce micro-redox environments. Microbial processes related to degradation of xenobiotic organics including PCP are widely accepted as significant pathways. However, when conditions aren't amenable to microbial growth, then the natural poise of the system will be the driving force for any redox reactions. Poising capacity is defined in terms of the amount of strong oxidant needed to change the redox potential of the system [26] . The poise of the sediment is a function ofthe combined concentration of all redox couples present.
One objective for amending the sediment with MnO, was to influence the poise, altering it towards the formal potential for the Mn+4-Mn+2 couple. The formal potential for this couple in soils has been measured between -100 to +300 mV [23] , and in pure solution to be +1290 mV [24] , Measured potentials ranged from -550 mV to 0 mV during the course of the experiment, which is considerably lower than the potentials for Mn02 dissolution. Altering the poise is difficult to achieve in a complex mixture such as a soil sample, since the majority of redox couples in natural systems are in a state of internal thermodynamic redox disequilibrium. Instead they are a function of the electron transferring ability of all the redox couples in the system. Consequently, amendments of Mn02 did not result in a measured change in the poise of the system as a whole. However, manganese was reduced with the concomitant degradation of PCP. These results may indicate that the local potential of a thin film surrounding manganese particles was in the region of the Mn+4-Mn+2 couple. Moreover, the local potential is a function of both microbial activity and localized poise control due to purity of the manganese crystals.
Lindberg and Runnells [27] [30] .
The addition of synthetic manganese oxide particles has potential for the treatment of PCP contaminated sediment and groundwater. The pure crystalline manganese oxide used in this study had a very large reactive surface area as a result of its synthetic origin (143 m2/g). As the oxide matures the surface area decreases towards that of natural oxides. The surface area of synthetically produced manganese oxide decreased from 161 m2/g to 143 rtf/g over a 30 day period. In contrast, native manganite (Mn3OOH) and pyrolusite (ß-MnQ,) have measured surface areas of 20 m2/g and 13 rrfVg respectively [20] . As a result the potential mineral/water interface for synthetic manganese oxide is very large in comparison to native oxides, hence it is likely that synthetic manganese oxides will be more reactive with PCP than native oxides. Patrick and Henderson [30] 
